Increased relative brain size characterizes the evolution of primates, suggesting that enhanced cognition plays an important part in the behavioral adaptations of this mammalian order. In addition to changes in brain anatomy, cognition can also be regulated by molecular changes that alter synaptic function, but little is known about modifications of synapses in primate brain evolution. The aim of the current study was to investigate the expression patterns and evolution of 20 synaptic genes from the prefrontal cortex of 12 primate species. The genes investigated included glutamate receptors, scaffolding proteins, synaptic vesicle components, as well as factors involved in synaptic vesicle release and structural components of the nervous system. Our analyses revealed that there have been significant changes during primate brain evolution in the components of the glutamatergic signaling pathway in terms of gene expression, protein expression, and promoter sequence changes. These results could entail functional modifications in the regulation of specific genes related to processes underlying learning and memory.
Introduction
Increased brain size relative to body mass distinguishes primates, and especially humans, from other mammals (Jerison 1975; Finlay and Darlington 1995; Boddy et al. 2012) . The prefrontal cortex (PFC), in particular, is disproportionately enlarged in association with increasing neocortical volume across primates (Smaers et al. 2010) . Furthermore, excitatory pyramidal neurons within heteromodal association areas of the primate cerebral cortex, such as the PFC, have more complex dendritic branching and greater density of synaptic spines than other cortical regions (Huttenlocher 1979; Elston 2000; Elston et al. 2001; Jacobs et al. 2001; Bianchi et al. 2013) , and evidence indicates that the human PFC contains more neuropil space for synapses and dendritic arbors than in other great apes (Semendeferi et al. 2011; Spocter et al. 2012) . Such changes in synaptic distribution in the primate PFC are likely related to differences in the expression patterns of specific genes (Cáceres et al. 2007; CruzGordillo et al. 2010; Fedrigo et al. 2011) , as well as increased transcriptional complexity (Konopka et al. 2012) .
Synapses are molecular systems with highly complex and organized protein networks enabling a wide range of adaptive physiological and behavioral features, including the regulation of learning and memory (Bayés and Grant 2009; Bayés et al. 2012; Emes and Grant 2012) . Studies of the human postsynaptic proteome have shown that a majority of its genes evolved under very strong purifying selection over the past 100 million years (Emes and Grant 2012) . Nevertheless, genes significantly upregulated in human PFC compared with chimpanzees and macaque monkeys are enriched for functional categories such as synaptic transport, synaptic plasticity, and nervous system development (Cáceres et al. 2003 (Cáceres et al. , 2007 Nowick et al. 2009; Konopka et al. 2012) . Moreover, specific enzymes related to synaptic transmission, learning, and memory changed rapidly in the human evolutionary lineage (Fu et al. 2011 ). This indicates that the molecular composition of synaptic components has undergone modification during human brain evolution, yet it remains unknown how evolution influenced synaptic gene expression across primate phylogeny more broadly.
Although primate diversity shows a wide range of variation in brain morphology, behavior, and cognitive abilities, the changes accumulated between related species at amino acid sequences are very low and usually neutral (i.e., ∼1% between human and chimpanzee) (Ebersberger et al. 2002; Carroll 2003; Wildman et al. 2003; Consortium 2005) . Overall genomic divergence in regions related to gene regulation, however, may be more significant. For example, human and chimpanzee genomes differ by ∼4% when taking into account single nucleotide mutations in noncoding regions, indels, and structural chromosomal changes (Varki and Altheide 2005) . Consequently, it has been suggested that many of the key phenotypic differences among species result primarily from alterations in the regulation of gene expression rather than in the protein coding sequences alone (King and Wilson 1975; Gu and Gu 2003) . When gene expression changes are phylogenetically mapped, the brain shows more changes than other tissues in the human lineage compared with the chimpanzees (Enard, Khaitovich, et al. 2002) . Identifying the specific genes that underwent expression changes during primate brain evolution could provide important clues to the biochemical, anatomical, and functional specializations of the brain and to humans' increased vulnerability to certain neurodegenerative diseases such as Alzheimer's disease (Hof et al. 2002; Jucker 2010; Heuer et al. 2012) .
However, there are obstacles to studying molecular evolution in primate brains, including the scarce availability of adequate samples from a diversity of species. Consequently, the vast majority of comparative studies of gene and protein expression in primates have focused on a few species for which reference genome sequences have been completed, namely humans, chimpanzees, macaques, and sometimes orangutans and gorillas (Enard, Khaitovich, et al. 2002; Cáceres et al. 2003; Khaitovich et al. 2004; Uddin et al. 2004; Gilad, Oshlack, Smyth, et al. 2006 ). Many of the earlier comparative gene expression studies analyzed nonhuman primate mRNA with microarrays containing only human DNA probes (Enard, Khaitovich, et al. 2002; Cáceres et al. 2003; Khaitovich et al. 2004; Somel et al. 2009 ), and as a result, their ability to detect inter-species expression differences was limited by the effect of sequence mismatches on hybridization intensity. More recently, multispecies gene expression profiling studies have employed RNA-seq (Brawand et al. 2011; Perry et al. 2012) .
In this study, we compared gene expression profiles of 20 synapse-related genes from the PFC of humans, chimpanzees, siamang, Old World monkeys (OWMs) (macaques and baboons), New World monkeys (NWMs) (saki and spider monkey), and strepsirrhines (lorises and lemurs). An evolutionary analysis of these synapse-associated genes significantly widens the diversity of primate species included in the study of mRNA expression levels in the brain, allowing us to examine changes across phylogeny, providing new insights into the molecular evolution of neocortical synapses, and suggesting that glutamatergic neurotransmission has been a primary target of evolutionary change.
Materials and Methods
Databases and previous publications were used to identify a group of genes exclusively or predominantly expressed in the brain and involved in regulating synaptic transmission. Genes well known to participate in regulating the molecular processes of memory and learning were added, as well as a set of genes implicated in various disorders of the nervous system. The resulting selection of 20 genes includes classical components of the junctional complex associations, including the neuronal postsynaptic density (PSD) and the presynaptic active zone, comprising glutamate receptors, scaffolding proteins, synaptic vesicle components, and structural components of the nervous system (Table 1 ). The potential number of genes that could be studied is enormous and the aim of this work is only to study a small and representative subset of genes involved in neural processes. Our set of 20 genes selected was submitted to GO Panther analysis and the families most represented are depicted in Supplementary Figure 1 .
Brain Samples
The study sample consisted of frozen postmortem brains from a total of 37 different primate individuals (Lorises -Loris tardigradus, n = 1; Nyticebus pygmaeus, n = 3; Lemurs -Lemur catta, n = 1; Eulemur macaco, n = 1; New World monkeys -Ateles belzebuth, n = 2; Pithecia pithecia, n = 2; Old World monkeys -Papio anubis, n = 1; Macaca mulatta, n = 8; Macaca nemistrina, n = 2; Hominoids -Symphalamgus syndactylus, n = 1; Pan troglodytes, n = 11; Homo sapiens, n = 4). Tissue samples were dissected from the frontal pole, which corresponds to Brodmann's area 10 in all haplorhine primates (including apes, NWMs, and OWMs) and in strepsirrhine primates may include area 14 (Brodmann 1909; Preuss and Goldman-Rakic 1991; Semendeferi et al. 2001; Burman et al. 2006; Cruz-Rizzolo et al. 2011) , both of which are granular PFC regions (Supplementary Table 1 
RNA Extraction and qPCR
Tissue samples were homogenized in 1 mL of TRI reagent (Applied Biosytems/Ambion, Austin, TX) per 50-100 mg of tissue using glass-Teflon tubes. RNA extraction was performed using TRIzol (Invitrogen, Carlsbad, CA, USA) following standard protocols. The mRNA was isolated and reverse-transcribed to single stranded cDNA by using random hexamer primers. Only the DNA-free RNA isolations with ABS 260/280 ratios above 1.7 (Nanodrop 1000; Thermo Scientific, Wilmington, DE) and with RIN number (Agilent 2100 bioanalyzer, Agilent Technologies, Santa Clara, CA, USA) >6 were selected for analysis. These properties showed good performance on previous RT-PCR studies for <100 bp amplified products (Fleige and Pfaffl 2006) . Quantitative real-time reverse-transcriptase polymerase chain reaction (qPCR) was conducted on a CFX384 thermal cycler using SsoFast EvaGreen reagent (BioRad, Hercules, CA, USA). Primer sequences used are listed in Supplementary Table 2 . The q-RT-PCR program started with a hot start at 95°C for 5 min, followed by 40 cycles of a 15-s melt at 95°C, and a 30-s annealing/elongation at 60°C. After 40 cycles were completed, a dissociation curve was created from 65 to 95°C. Within plates, expression was normalized using 2 housekeeping genes that have been previously employed for evolutionary studies of brain samples (EEF2 and EIF2b2) . Amplification of the gene of interest and the housekeeping control genes EEF2 and EIF2b2 was done in duplicate for each sample. The gene amplification levels were normalized by dividing by EEF2 and EIF2b2 levels (separately), and the results were combined per each individual single expression value. The following primers for the housekeeping genes were used (Integrated DNA Technologies, Coralville, IA, USA): 5′-CCACAGTTCCCCAATGAAGAAG-3′ (EIF2b2 forward); 5′-ACGTAGT CAAACACAGGGCAATG-3′ (EIF2b2 reverse); 5′-GGTGAACTTCACGG TAGACCAGAT-3′ (EEF2 forward); 5′-GGAGTCTGTCAGCGTGGACT TG-3′ (EEF2 reverse). To convert raw results into relative expression across all the samples, we used a modified ΔΔ Ct method and the relative value of 1 was given to the human sample number 37 (the best preserved human brain sample) in all plates, therefore all sample values were relative to this one. The relative expression values were then log 10 -transformed and used in subsequent statistical analyses when necessary. For primer design, a completely conserved exonic region among all transcript isoforms and species was chosen, based on University of California Santa Cruz (UCSC) annotations. The primers were designed following these parameters: primer size min 17 bp, max 24 bp; primer T m min 50°C, max 61°C; primer GC content min 40%, max 60%; Max complementarity 3′Self 3.00. The primer sequences were unique in the genome, confirmed by blasting the nucleotide sequence to the publically available genomes (http://genome.ucsc.edu/cgi-bin/ hgPcr). Finally, different sets of primers were checked whenever it was possible and the pair which maximizes the amplification signal in qPCR was selected. The primers used are summarized in Supplementary Table 2 .
Principal Components Analyses (PCA)
Because alterations in the relative levels of gene expression may be intercorrelated with changes in cellular and synaptic physiology during brain evolution (Cáceres et al. 2003) , multivariate PCA was performed to define "molecular fingerprints" of the individuals in the sample (Ringnér 2008) . Measurements of gene expression were log 10--transformed, scaled and centered for use in the PCA. The principal components were sorted in descending order of the percentage of variability in the total sample that they describe. Higher-order principal components were explored to identify those capturing the greatest proportion of variation among the primate brains in the sample. All PCAs were performed in R version 3.0 (R Core Team 2013).
Ancestral Gene Expression Reconstruction
For ancestral state reconstruction, the relative gene expression values obtained from qPCR analysis were used, as described above. The ancestral state reconstructions were performed using the Analysis of Phylogenetics and Evolution (APE) package (Paradis et al. 2004 ) in R software, using the maximum likelihood method in function ace. The consensus tree used in these analyses was downloaded from the 10ktrees website (Arnold et al. 2010 ).
Phylogenetic Signal
Phylogenetic signal is the tendency of related species to resemble each other more than species drawn at random from the same tree. If there is strong phylogenetic signal, related species will be close to each other in trait values. In the absence of a phylogenetic signal, however, related species will not always be close to each other in trait values, which will result in greater changes along the branches of the phylogeny (Klingenberg and Gidaszewski 2010) . For continuously varying data, currently the most common way to estimate phylogenetic signal is with the parameter λ (Pagel 1999) , which is a branch length scaling parameter that typically ranges from 0 to 1. Pagel's λ was estimated with the function fitContinuous ( package geiger), in R software, which is based on likelihood optimization. It is common to equate low phylogenetic signal with evolutionary variability and strong phylogenetic signal has been interpreted as a sign of niche or evolutionary conservatism (Revell et al. 2008 ), but does not specify a process (e.g., genetic drift, natural selection).
Western Blotting
To examine the correspondence between mRNA expression level and protein translation, western blotting was performed. For immunoblotting, 0.1 g of each frontal pole sample was homogenized in 1 mL of RIPA Lysis and Extraction buffer (Pierce, Rockford, IL, USA) with complete protease inhibitor cocktail EDTA-free (Roche, Indianapolis, IN, USA) and phosphatase inhibitor cocktail (ThermoScientific, Rockford, IL, MA, USA). After centrifugation at 15 000 × g for 10 min, the RIPAsoluble fraction was kept and the RIPA-insoluble fraction was discarded. Protein expression was determined from lysates, dissolved in Laemmli buffer and equal amounts of each fraction sample resolved on 4-12% SDS-PAGE gels (BioRad, Hercules, CA, USA). Proteins were transferred to nitrocellulose overnight; the membrane was blocked with 5% dry milk solution and incubated with the appropriate antibody. Primary antibodies used in the study have been validated to recognize either the human or rat protein, and should be effective on nonhuman primates because the target epitope is conserved on known antibodies. All the antibodies used are summarized in Table 1 . Mouse monoclonal anti-β-actin (1:2000, Abcam, Cambridge, MA, USA) was used as the loading control. All secondary antibodies were from Dako (Carpinteria, CA, USA) and used at a dilution of 1:1000. Protein bands were scanned on an Epson Perfection 5000 Photo Scanner (Epson America, Long Beach, CA, USA) and the densitometric quantification of western blot bands was analyzed using ImageJ software (National Institute of Health, Bethesda, MD, USA).
Detecting Signatures of Positive Selection in Regulatory Regions
For the 20 genes, the intronic, 5′-flanking putative promoter regions upstream of the coding region and both 3′-and 5′-untranslated regions (UTR) were extracted. In parallel, the most recent human (Homo sapiens), chimpanzee (Pan troglodytes), orangutan (Pongo pygmaeus abelii), and rhesus macaque (Macaca mulatta) sequences were downloaded from the Ensembl Genome Browser Website (http://useast. ensembl.org/index.html) and sequences were aligned using the computer program Geneious version 6.1.3 created by Biomatters (http://www. geneious.com/). Other species were not studied because of the low coverage of the sequences or the lack of available sequences.
Mutations responsible for trait expression variation are often localized in noncoding, regulatory regions. In order to find changes within these regulatory regions, the most 5′ transcription starting site (TSS) and UTR regions (Barrett et al. 2012) were identified. 5′-Flanking regions were defined as the 5-kb region upstream of the most 5′ TSS. The 5′-and 3′-UTRs were defined from the NCBI gene database annotations (http://www.ncbi.nlm.nih.gov/).
To test for lineage-specific signatures of positive selection, a modified branch site model was used (Zhang et al. 2005) . Essentially, this method aims to detect a lineage-specific accelerated nucleotide substitution rate. This rate is estimated relative to a neutral rate in the form of a substitution rate ratio (sequence of interest/neutral sequence). It is crucial to find the most appropriate genomic region to use as a neutral proxy. As described previously (Fedrigo et al. 2011) for the noncoding analyses, a similar neutral proxy was applied to synonymous substitution studies. Because it has been shown that introns are the least constrained sequence of the genome (Hellmann et al. 2003) , we collected all introns from the gene of interest.
Introns contain regulatory elements that can be more slowly evolving than neutral sites. The strategy was to eliminate any putatively functional regions that might be conserved between species and that would artificially inflate the substitution rate ratio and can lead to erroneous detection of positive selection. One hundred base pairs at each extremity of the introns were excluded, with the goal of eliminating splicing signal sites. Also first introns were excluded because they are known to contain regulatory elements, and a maximum of 5000 bp was included from any one intron, drawn from the edges, as some long introns have been shown to contain regulatory elements at their center (Wray et al. 2003; Blanchette et al. 2006; Haygood et al. 2007 ). Then, the overlapping regulatory and exonic regions from other genes were removed, according to NCBI and Ensembl annotations (http://www. ensembl.org). Finally, the remaining intronic sequences were used as a neutral proxy for detecting positive selection in the noncoding regions described above. For all the genes, the intronic sequences were >5000 bp, except for SLC17A7 and NEFL for which an intronic region from the closest gene was also used.
This method compares a null model with no positive selection but that accounts for relaxed constraint, and an alternative model with positive selection on the branch of interest. The 2 models were contrasted with a likelihood ratio test and the significance of the likelihood ratio test was assessed using a χ 2 with one degree of freedom. A significant P value (P < 0.05) is suggestive of positive selection. We performed these tests with customized and available scripts in the HyPhy software (http://www.hyphy.org) (Pond et al. 2005) . The noncoding sequences were analyzed using similar methods (Zhang et al. 2005; Haygood et al. 2007; Fedrigo et al. 2011 ) and the same 4 species. The tests were performed on both the human and chimpanzee branches, but also on the internal branch leading to both taxa. HyPhy scripts were obtained from http://biology.duke.edu/wraylab/resources.html.
Results

Gene Expression
The expression levels for 20 synapse-related genes in the frontal pole of 12 different primate species were measured by qPCR using primers to conserved exonic domains (summarized in Supplementary Table 2). A PCA was carried out to summarize variation in the expression level of the selected genes across all species. For this initial exploratory analysis, scaled and meancentered values of the data were used. Together, the first and second principal components accounted for ∼30% of the variability in the entire dataset (Fig. 1) . The total multivariate gene expression data from all individuals were plotted according to these first 2 principal components to determine the main axes of variation along which clusters of different species can be observed. Lorises were separated from the rest of the primates (NWMs, OWMs, lemurs, and hominoids) along PC1. The relative magnitude of the loading (in absolute value) is a measure of the importance of the corresponding gene in defining the principal component (Misra et al. 2002) . The genes that loaded most strongly on PC1 include: NEFL, PPP1R9B, DLG1, DLG4, and SLC17A7 (Fig. 1) . The distribution of species along PC2 showed separation of humans and chimpanzees from the other primates in the sample. The main loading on PC2 include: GRIN2B, GRIA4, CNTNAP2, CAMK2A, and NRXN1 (Fig. 1) .
Because genes that primarily load on the first 2 principal components were most useful for distinguishing phylogenetic variation, we filtered the genes after the 5 that most strongly influenced loadings. Thus, a total of 10 genes were selected for further analysis. These genes showed the greatest variation in the sample and might be relevant to understanding evolutionary changes in molecular biology of synaptic function (Fig. 1) .
Samples were subdivided into phylogenetic groups for further comparison-lemurs, lorises, NWMs, OWMs, siamang, chimpanzees, and humans. Boxplots showing gene expression within these phylogenetic groups are represented in Figure 2 (see Supplementary Figs 2 and 3 for all genes). Of these genes, several showed significant variation in the mRNA expression level, including DLG4, CAMK2A, CASK, GRIA4, NEFL, CNTNAP2, GRIN2B, PPP1R9B, SLC17A7, and STX1A (P < 0.05, df = 6, Kruskal-Wallis test). Follow-up pairwise Mann-Whitney U tests showed that among these genes, 11 contrasts between phylogenetic groups were significant as shown in Supplementary Figure 2 . Other genes, however, showed conserved expression and no significant differences among phylogenetic groups (CHL1, GRIA1, GPHN, HDAC2, NLGN2, NLGN1, RELN, and SYP). The variation in gene expression level was high both within and between groups. This was not unexpected given the rarity of brain specimens from many of these species and hence the difficulty of minimizing cross-sample effects of sex, circadian rhythm, diet, age, and other uncontrolled variables. Furthermore, since gene expression may vary during development, Mann-Whitney contrasts were carried out to identify possible statistical differences between the 4 subadult macaque monkey samples included in the OWM group as compared with adults ( Supplementary Fig. 4) . None of the 20 genes showed statistical significance between age groups; therefore the sub-adult samples of macaques were retained in the study for further analysis. It is notable that the largest changes in neocortical gene expression have been found to occur during fetal development and early postnatal infancy (Colantuoni et al. 2011) ; the sub-adult samples of macaques included in our study range from 1 to 2.8 years of age, which corresponds to late infancy and the juvenile period.
Phylogenetic Signal
In the presence of a strong phylogenetic signal in the data, closely related species tend to be near each other in phenotype and, as a result, the average amount of expression change along the branches of the tree is relatively small. In contrast, data lacking a phylogenetic signal tend to produce greater expression changes on the branches of the phylogeny because closely related species are expected to be just as distant from In all cases data were log-transformed after using a human sample as a relative expression of 1, and then all the values were normalized relative to it. The genes most strongly represented in the loadings of the first 2 PCs are shown. In (A) and (B) boxplots of gene expression for the 5 genes in first PC and in the second PC are represented, respectively. For all the genes, the P-value obtained in the nonparametric Kruskal-Wallis test (df = 6) is: NEFL (P = 0.0001), DLG1 (P = 0.077), DLG4 (P = 0.043), PPP1R9B (P = 0.026), SLC17A7 (P = 0.0081), CNTNAP2 (P = 0.0055), CAMK2A (P = 0.0363), GRIA4 (P = 0.0006), NRXN1 (P = 0.051), and GRIN2B (P = 0.004). The significant paired contrasts were (P < 0.05): NEFL (OWM vs. all the other groups), DLG1 (OWM-lorises and OWM-NWM), DLG4 (human-lorises), PPP1R9B (human-chimpanzee), SLC17A7 (chimpanzee-lorises and OWM-loris), CAMK2A (chimpanzee-lorises and chimpanzee-OWM), GRIA4 (chimpanzee-NWM, chimpanzee-OWM, and human-NWM, human-OWM), NRXN1 (chimpanzee-OWM, OWM-lorises, and human-lorises), and GRIN2B (chimpanzee-lorises, human-lorises, human-NWM, human-OWM, and human-chimpanzee). Only CNTNAP2 was observed to be significantly different at Kruskal-Wallis test but then not significant after the Mann-Whitney U test for any population. Open circles represent values that fall outside the upper and lower quartiles. The asterisks (*) represent a P < 0.05 in the paired comparisons using Mann-Whitney contrasts. Note that the groups that concentrate almost the totality of the significance are chimpanzees and OWMs due to greater number of samples on them (n = 11). OWM: Old World monkeys; NWM: New World monkeys. each other as remotely related species. Overall, the expected amount of change on the entire tree is smaller if there is a strong phylogenetic signal than in the absence of a phylogenetic signal.
The strength of phylogenetic signal was measured using the species-mean mRNA expression values obtained in all 20 genes. Tests for phylogenetic signal in expression ( Supplementary  Table 3) showed that SYP, GRIA1, and CHL1 are phylogenetically conserved, with median maximum likelihood estimates of λ not significantly different from a Brownian model of neutral evolution (λ = 1), whereas STX1A, NLGN2, GPHN, NLGN1, CAMK2A, NEFL, RELN, NRXN1, CNTNAP2, CASK, DLG1, GRIA4, and GRIN2B are more variable across the tree (median λ ≈ 0).
Ancestral Character Reconstruction
Multispecies study of gene expression evolution provides the possibility to estimate ancestral expression from the levels observed in extant crown species in the phylogenetic tree. Ancestral character reconstruction of gene expression was performed for the internal nodes of the species represented in our sample.
Notably, a consistent pattern of decreasing levels in gene expression across the tree characterizes DLG4, PPP1R9B, and NRXN1 genes. In contrast, across the primate phylogenetic tree, several lineages, including SLC17A7, GRIA4, and CAMK2A are reconstructed to show an increase in expression (Fig. 3) .
Protein Expression
It is conceivable that some mRNA expression differences are not reflected at the protein level. Gene expression can be modulated by alternative splicing, methylation, degradation, or gene duplication (Cain et al. 2011; Harrison et al. 2012 ). In addition, many mechanisms could modify protein levels (Mazumder et al. 2003) , which would not be expected to correlate with mRNA levels. The genes involved in the ionotropic glutamate receptor pathway according the Panther pathway classification were selected to investigate whether quantitative changes in RNA levels are transcribed into similar differences in protein levels across species. The 4 representatives in this category were CAMK2A, GRIA4, GRIN2B, and SLC17A7 ( Supplementary Fig. 1 ). Commercial antibodies raised against conserved epitopes within primates were used, which allowed for detection of the proteins of interest in all samples (Table 1 ). The expression of these proteins was compared in the same gel; 22 brain samples were loaded (lorises, n = 3; lemurs, n = 2; NWM, n = 3; OWM, n = 3; siamang, n = 1; chimpanzees, n = 6; humans n = 4). GRIA4 expression displayed significant variation (Kruskal-Wallis test, P = 0.015, df = 6, χ 2 = 16.35; humans differ from OWM after correction for Mann-Whitney U test, P = 0.2). For SLC17A7 expression, an increase in expression was evident in humans compared with the other primates, although there was not an overall effect in the Kruskal-Wallis test (P = 0.09, MannWhitney U showed P = 0.2 between humans and chimpanzees). CAMK2A expression also exhibited an upregulation in chimpanzees and humans relative to the other primates (Kruskal-Wallis test, P = 0.005, df = 6, χ 2 = 12.73; a Mann-Whitney pairwise test showed no significant differences). Finally, GRIN2B showed an increase in its expression across primates (P = 0.25, KruskalWallis test) (Fig. 4) .
Tests of Promoter Site Evolution
Publicly available genomic datasets from multiple species were analyzed to search for nucleotide substitutions that might relate to the gene expression variation observed in primate PFC tissue by scanning possible regulatory regions for evidence of positive selection. Using this analysis, positively selected regulatory regions are determined as an overabundance of substitutions in the putative regulatory sequence as compared with nearby intronic regions, which are assumed to be evolving in a neutral fashion. The genomic coverage of the studied regions in some species was poor. Therefore, we scanned for signatures of positive selection only on the human and chimpanzee lineages, as well in the internal branch leading to human and chimpanzee, using a 4-species tree of known phylogenetic relationships (human, chimpanzee, orangutan, and rhesus monkey).
Most of the putative regulatory regions appeared to be not significantly different after correction for multiple comparisons. Only 4 genes showed a signature of positive selection in a regulatory region (Table 2) , displaying changes located at 5′-flanking regions of CAMK2A (P = 0.0005207 on the internal branch), GRIN2B (P = 4.6757E−06 on the internal branch) GRIA1 (P = 1.442E−07 for the chimpanzee branch) and STX1A (P = 0.000388 on the chimpanzee branch) genes. It is important to note that the type of scan for selection employed requires multiple sequence changes, accumulated in a defined region, for an inference of positive selection. Although scans only surveyed possible regulatory regions located close to the genes (5 kb upstream and UTRs), some important regulatory elements may be located at more distal regions that were not surveyed. This point, and the generally underpowered nature of tests for selection, indicates that a negative result does not rule out the possibility that positive selection operated on regulatory sequences ). Lastly, 5′-UTRs and 3′-UTR noncoding regions did not show an elevated substitution rate or significant evidence for signatures of positive Figure 4 . Western blot analysis of proteins involved in the Ionotropic Glutamate Receptor pathway. (A) For each sample, 15 μg of PFC homogenate were loaded into a 4-12% gel and blotted against CAMK2A, SLC17A7, GRIN2B, and GRIA4 proteins. For all the cases, β-actin was used as a loading control. (B) Densitometric analysis for the genes studied. The samples were grouped and the results are presented as means ± SD. The samples used for the western blot analysis are summarized in Table 2 . NWM, New World monkeys; OWM, Old World monkeys. AU, arbitrary units. selection either along the human lineage or the chimpanzee lineage. Some of the 3′-and 5′-UTR were short (∼50-100 bp), thus could account for our inability to find evidence of positive selection in these regions.
Discussion
Comparative analyses have identified a great number of differentially expressed genes in the brain among primate species, some of which might have a relationship to variation in physiology or anatomy (Cáceres et al. 2003 (Cáceres et al. , 2007 Uddin et al. 2004; Khaitovich et al. 2004; Cruz-Gordillo et al. 2010; Fedrigo et al. 2011) . Previous comparative studies analyzed gene expression in the brain of only a modest number of species and were limited by relatively small sample size, which is particularly problematic for dynamic and environmental sensitive traits like gene expression . Our analyses have expanded the diversity of primates studied and the number of samples in each phylogenetic group when possible. We have found that there has been significant upregulation in genes that encode for the molecular machinery related to glutamatergic signaling in primate prefrontal cortex evolution.
Genes with Cconserved Eexpression
Several of the genes in our study did not show evidence of significant variation in expression in the PFC across primates, suggesting a conserved function for these molecules in the primate brain. In particular, GPHN, GRIA1, HDAC2, CHL1, NLGN1, NLGN2, STX1A, RELN, and SYP did not vary across phylogenetic groups. Among them SYP, GRIA1, and CHL1 all showed a high phylogenetic signal (λ ≈ 1), and none of them were main contributors to PC1 or PC2 loadings in the multivariate analysis. The core parts of these genes are representatives of cell-adhesion molecules (CHL1, NLGN1, GPHN, NLGN2, and RELN), which are interactors of MAGUK members and key for synapse formation. They are involved in the initial contacts that lead to the recruitment of presynaptic and postsynaptic machinery, triggering neurite outgrowth regulation, axon formation, synaptogenesis, and spine maturation (Zheng et al. 2011 ). Also, cell-adhesion molecules coordinate multiple steps in the synapse with potentially rapid regulation of expression (Giagtzoglou et al. 2009 ). Changes in the sequence of regulatory regions for these genes may be less likely to occur due to the fact that they also have roles in nonneuronal tissues. On the other hand, representatives of the SNARE-associated complex, such as STX1A and SYP, play an essential function in vesicular release and changes in expression are related to many neuropathologic conditions (Johnson et al. 2008 ). STX1A did not undergo expression changes in the human branch, but it appears significantly upregulated in chimpanzees ( Supplementary Fig. 2 ), which is also correlated with changes in the 5′-flanking region. A previous study described a pronounced signal of positive selection at the STX1A promoter region, especially in humans (Haygood et al. 2007) .
Additionally, GRIA1 is related to the function of glutamatergic synapses and is one of the subunits required to assemble functional AMPA receptors, which play an important role in mediating fast excitatory transmission in the mammalian brain (Jayakar and Dikshit 2004) . Although the analysis of the putative promoter region demonstrated a signature of positive selection in the chimpanzee branch and an effect that approached significance in the human lineage, these species did not differ significantly from other primates in gene expression levels ( Supplementary Fig. 3 ). The results might be explained because either AMPA receptors experience a rapid endocytosis at excitatory synapses (Lu et al. 2007 ) and changes in expression are not stable in time, or because the changes in promoter sequence do not account for detectable changes in the gene expression in this region, but rather in other regions of the brain or other organs. These findings point to the need for future research to analyze the levels of the other glutamate *q < 0.1. Note: Positive selection was assessed in the human and chimpanzee lineages as well as the internal branch leading to their common ancestor. The P-values obtained are shown in the table. Analyses encompass 3 different regions: 5-flanking region (5 kb upstream from the TSS), 5′-UTR and 3′-UTR. After correction for multiple comparisons only the numbers with an asterisk showed q < 0.1. All the q < 0.1 were found at the 5′-flanking region and no positive selection was revealed in the 5′-UTR or 3′-UTR regions. NA: tests were not performed because of the poor sequence alignment/assembly quality, the region studied was too short (<10 bp) or the analyses were done only with 3 species (the internal branch was not tested). IB, internal branch leading to human and chimpanzee.
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Genes Differentially Expressed A trend across primate evolution for downregulation was revealed in the expression of PPP1R9B, DLG4, DLG1, and CASK ( Fig. 1 and Supplementary Fig. 2 ). These 4 genes loaded strongly on PC1, being responsible for the separation between lorises and other primates in the PCA. Interestingly, 3 of these genes (DLG4, DLG1, and CASK) encode for members of the membrane-associated guanylate kinase family (MAGUK), which are scaffold proteins that regulate plasticity and adhesion at cell junctions (Funke et al. 2005; Oliva et al. 2012 ). DLG4 and DLG1 are among the most stable synaptic MAGUKs and their expression dramatically increases in postnatal development (Zheng et al. 2011) . In turn PPP1R9B encodes a multifunctional scaffolding protein with a central role targeting components of both glutamatergic and dopaminergic signaling pathways in dendritic spines (Kelker et al. 2007 ). Remarkably, both MAGUK-family members and PPP1R9B are defined by the inclusion of a PDZ domain, among others, in their structure, which confers the capability of organizing the membrane, particularly in the synapse (Kim and Sheng 2004) . The present results reveal that gene expression among these RNA transcripts has been differentially regulated in primate evolution.
Comparisons of the ancestral reconstructed values for the expression levels of these genes (Fig. 3 ) demonstrate decreases at several nodes along the lineage leading to humans. This result corroborates a recent study where DLG1 and DLG4 proteins have been also reported to be 5-fold diminished in human cerebral cortex in comparison with mice (Bayés et al. 2012) . Decreased levels in MAGUKs mRNA in the cerebral cortex of humans could also have a major role in the occurrence of neurodegenerative diseases through association and regulation of neurotransmitter receptors. Specifically, it has been described that decreased expression of MAGUKs is implicated in Parkinson's disease, Alzheimer's disease, schizophrenia, and neuropathic pain (Gardoni et al. 2009 ). A consistent tendency for upregulated gene expression among primates was observed in SLC17A7, GRIN2B, CAMK2a, GRIA4, and CNTNAP2 (although there are no significant changes in CNTNAP2 for pairwise contrasts between phylogenetic groups). This group of genes was mainly responsible for the loadings of PC2, which separated humans and chimpanzees from other primates ( Fig. 1 and Supplementary Fig. 2 ). It is noteworthy that 4 of these genes are related to glutamatergic neurotransmitter release and long-term potentiation (LTP) in the brain. Both GRIN2B and GRIA4 are considered members of the ionotropic glutamate receptor family, and they play a role in the modulation of synaptic plasticity (Carvalho et al. 1999; Tang et al. 1999; Traynelis et al. 2010 ), a property of the brain thought to be critical for memory and learning. CAMK2a is a prominent kinase in the central nervous system that may function in LTP and neurotransmitter release and is vital for several aspects of plasticity at glutamatergic synapses (Lisman et al. 2012) . Increased expression of CAMK2a in the cerebral cortex of humans compared with chimpanzees and rhesus monkeys was described in a previous study (Cáceres et al. 2003) . Finally, SLC17A7 is a vesicular glutamate transporter bounded to membranes of synaptic vesicles and it is involved in the storage of glutamate as well in its biogenesis and recycling (Santos et al. 2009 ). One major feature of LTP is the requirement of activation of NMDA receptors, which has been hypothesized to be the molecular pathway underlying cognitive learning (Morris et al. 1986 ). This is exemplified by the fact that mice with increased expression of GRIN2B receptors have enhanced memory and synaptic transmission (Tang et al. 1999; Brim et al. 2013) . Congruent with our data demonstrating that significant changes in glutamate processing occurred at the branch of hominids (i.e., great apes and humans) from other primates, it has been shown that, GLUD2, a gene encoding glutamate dehydrogenase (GDH) which is activated in response to high neurotransmitter flux, underwent positive selection after originating from a duplication event in a stem great ape ancestor ∼23 million years ago (Burki and Kaessmann 2004) .
One particular MAGUK that may influence GRIN2B expression levels is CASK. Translocation of CASK to the nucleus has been reported to downregulate the expression of GRIN2B (Zheng et al. 2011) . This is consistent with the results obtained in the current study; humans have a statistically significant decrease in CASK levels ( Supplementary Fig. 2 ), although we report an increase in levels of GRIN2B in the human lineage. GRIN2B has been reported to elevate mobility in contrast to GRIN2A, which is more stable at synapses (Zheng et al. 2011) . Future research may help to discern whether the increase observed in GRIN2B is associated with synaptic or extrasynaptic localization. Accordingly, the 5′-flanking region showed evidence of positive selection for GRIN2B and CAMK2A in the internal branch leading to human and chimpanzee (Table 2) after correction for multiple analyses. Notably, luciferase reporter assays in cell culture lines have demonstrated that changes in 5′ upstream promoter regions can trigger GRIN2B and CAMK2a transcriptional activity by affecting binding of transcription factors (Mima et al. 2001; Jiang and Jia 2009) . As the function of many biological processes are driven by proteins, the confirmation of these changes at the protein level supports the conclusion that gene regulation, especially among the reported candidates in glutamatergic pathways, is one of the critical steps in the production of the phenotypic differences in PFC that have emerged in primate evolution.
Last, CNTNAP2 encodes a neuronal transmembrane protein member of the neurexin superfamily involved in neuron-glia interactions (also known as Caspr2), described to be involved in some autism spectrum disorders as well as in patients with specific language impairment Arking et al. 2008; Vernes et al. 2008) . We found an increase of CNTNAP2 mRNA levels in the lineage leading to chimpanzees and humans (Fig. 2) . This points towards a potentially interesting evolutionary change because CNTNAP2 has been described to be a target of FOXP2, and to be regulated by its expression (Vernes et al. 2008) . FOXP2 has been largely studied because of its relation with language and speech evolution in humans (Enard, Przeworski, et al. 2002) , moreover functional studies in mice and songbirds indicate that FOXP2 may modulate synaptic plasticity in neurons of the striatum (Enard 2011) .
In conclusion, the results of this study provide a broad comparative perspective on the evolution of molecular pathways that are likely associated with increased capability of learning and memory in primates, particularly hominids (Rumbaugh and Gill 1973) . We observe that adaptive changes target mainly genes involved in the glutamate signaling pathway coinciding with increased brain size (Burki and Kaessmann 2004) . This suggests that an overall upregulation in neural activity through excitatory mechanisms may have coevolved with greater cognitive capacities across primates. Further comparative studies of the expression of genes encoding other glutamate receptor subunits are required to determine whether molecules in the whole pathway experience correlated evolution, or whether particular elements demonstrate stronger evidence of positive selection. Finally, these findings may provide insight into the evolution of vulnerability to neurodegenerative disorders (Dong et al. 2009; Gardoni et al. 2009; Perez et al. 2013) , which are unique in humans, as some of these diseases target excitatory pathways or their downstream signaling pathways.
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